Studying the kinetics of translocation of mRNA and tRNAs on the translating ribosome is technically difficult since the rate-limiting steps involve large conformational changes without covalent bond formation or disruption. Here, we have developed a unique assay system for precise estimation of the full translocation cycle time at any position in any type of open reading frame (ORF). Using a buffer system optimized for high accuracy of tRNA selection together with high concentration of elongation factor G, we obtained in vivo compatible translocation rates. We found that translocation was comparatively slow early in the ORF and faster further downstream of the initiation codon. The maximal translocation rate decreased from the in vivo compatible value of 30 s − 1 at 1 mM free Mg 2+ concentration to the detrimentally low value of 1 s − 1 at 6 mM free Mg 2+ concentration. Thus, high and in vivo compatible accuracy of codon translation, as well as high and in vivo compatible translocation rate, required a remarkably low Mg 2 + concentration. Finally, we found that the rate of translocation deep inside an ORF was not significantly affected upon variation of the standard free energy of interaction between a 6-nt upstream Shine-Dalgarno (SD)-like sequence and the anti-SD sequence of 16S rRNA in a range of 0-6 kcal/mol. Based on these experiments, we discuss the optimal choice of Mg 2+ concentration for maximal fitness of the living cell by taking its effects on the accuracy of translation, the peptide bond formation rate and the translocation rate into account.
Introduction
Estimates of the average rate of peptide elongation in the living Escherichia coli cell display weak growth rate dependence and are normally confined to a range of 14-to 22-amino-acid incorporations per ribosome per second [1] [2] [3] . A peptide elongation cycle includes the time for binding of aminoacyltRNA in ternary complex with elongation factor Tu (EF-Tu) and GTP to the ribosomal A site, GTP hydrolysis on EF-Tu, release of EF-Tu in the GDP form from the ribosome, peptidyl transfer, binding of elongation factor G (EF-G) in the GTP form to the ribosome, GTP hydrolysis on EF-G, translocation of the mRNA and the tRNAs and release of EF-G in the GDP form from the ribosome (see Schmeing and Ramakrishnan [4] for a review). To be compatible with in vivo experiments, all these steps must be completed within 50-70 ms. It is, however, possible that the average rate of the peptide elongation cycle is even faster since rate estimates based on the cellular ribosome concentration and ribosome elongation activity often depend on the assumption that protein degradation is negligible during growth of bacteria in early logarithmic phase [3, 5] . If proteins are degraded to a significant extent [6] [7] [8] , the time for the multistep peptide elongation cycle would be even shorter.
Compared to the peptide bond formation process, which includes tRNA binding to the ribosome, tRNA accommodation in the A site and peptidyl transfer, the rates of major steps of the translocation process have received little attention. Translocation involves one covalent change, the very rapid hydrolysis of GTP on EF-G just after association of the factor to the pre-translocation ribosome [9] . It is, according to the current understanding, only after GTP hydrolysis that the intricate dynamics of translocation takes place [9] . This includes the movement of the mRNA by one codon relative to the ribosomal frame and shifting of the peptidyl-tRNA in the A/P site and the deacylated tRNA in the P/E site to the P/P and the E/E sites, respectively. These movements are accompanied by back-ratcheting of the ribosome from a state in which the ribosomal subunits are rotated in relation to each other to the non-ratcheted state of the post-translocation ribosome [10] . These steps occur without covalent changes, which has rendered their resolution and interpretation difficult. However, recent progress has been made by application of fluorescence techniques, in which ribosomes, mRNAs or tRNAs have been labeled with fluorophores, to detect conformational changes with classical stopped-flow [11] [12] [13] and single-molecule techniques [14] . Furthermore, labeling of the 3′-end of mRNAs has made it possible to directly monitor their movement in relation to the ribosomal frame [11] , and the release of phosphate from EF-G after GTP hydrolysis has been monitored by stopped-flow techniques [15, 16] . The relative ratcheting movement of ribosomal subunits has been studied by Förster resonance energy transfer techniques in classical [12] and single-molecule [14, 17] experiments. Single-molecule experiments are, however, often characterized by low elongation factor concentrations, yielding low peptide elongation rates.
A dramatic trade-off between the rate of amino acid incorporation and the accuracy of codon selection by tRNAs has been demonstrated [18] . It was found by variation of the Mg 2+ concentration that the efficiency of association (k cat /K m ) of cognate ternary complex to mRNA-programmed ribosomes decreased linearly with increasing accuracy of codon selection. This suggests that there exists an Mg 2+ concentration optimal for maximal growth rate at which the negative effect of reduced kinetic efficiency of the ribosome is exactly compensated for by the positive effect of increased accuracy of codon reading [19] . To identify the optimal ionic composition for maximal ribosome efficiency, it is, however, necessary to consider also other aspects of ribosome function and, in particular, how the rate of translocation responds to an altered Mg 2 + concentration. Fluorescence experiments, in which the movement of the mRNA on the translocating ribosome was monitored, have been carried out at different concentrations of Mg 2+ ions [20] . It was found that decreasing Mg 2+ concentration led to increasing rate of mRNA movement, but the experiment contained no information about subsequent steps, like back-ratcheting of the ribosome and EF-G release.
It follows from the law of mass action that the time of ternary complex binding to the ribosome decreases with increasing ternary complex concentration. From such considerations, it has been proposed that codons read by tRNAs of low abundance are translated more slowly than those read by high abundance tRNAs [21] and that this feature is used by cells to optimize co-translational protein folding [22] . In contrast, recent observations based on ribosome profiling with deep sequencing suggested that the elongation rate is virtually independent of tRNA abundance in both bacteria and eukaryotes [23] [24] [25] . Furthermore, the only statistically significant cause of codon-specific variation of the protein elongation rate was due to variations in the free energy of interaction between Shine-Dalgarno (SD)-like sequences in open reading frames (ORFs) of translated mRNAs and the anti-SD sequence of 16S rRNA [26] . This is in line with the previous observation that internal SD sequences promote translational frameshifting and more recent singlemolecule experiments showing that elongation is slowed down downstream of SD-like sequences [27] .
These examples may serve to highlight the urgent need to improve the in vitro biochemistry to assess the time of the full translocation cycle during synthesis of short peptides and full-length proteins under in vivolike conditions. Here, we have developed a biochemical system to monitor single translocation cycles in all types of ORFs. In this assay system, we measure the complete translocation cycle time from the association of EF-G·GTP to the pre-translocation ribosome to the release of EF-G·GDP from the post-translocation ribosome. This approach contrasts those based on fluorescence-labeled mRNA, fluorescence-labeled tRNAs or those with puromycin reactivity as a marker for the post-termination ribosomal complex (see Holtkamp et al. [28] ). The method has been used to determine how the Mg 2+ ion concentration affects the rate of translocation at high and low concentration of EF-G, how the rate of translocation varies with the distance between the translocated codon and the initiation codon and how SD-like sequences within ORFs affect the translocation rate. With support from these observations, we discuss mechanistic aspects of translocation, optimal conditions for maximal growth rate and fitness and further experiments to characterize the tuning of the protein elongation rate by internal SD-anti-SD interactions in the living cell.
Results

Translocation rates in different ORFs: Experimental method
Each peptide elongation cycle has two major phases. The first is the process of peptide bond formation. It includes aminoacyl-tRNA binding to the ribosome in ternary complex with EF-Tu·GTP, GTP hydrolysis on EF-Tu, tRNA accommodation in the ribosomal A site and peptidyl transfer. Its end-state is a ribosome with an A-site-bound peptidyl-tRNA and a P-site-bound deacylated tRNA. For convenience, this process is below denoted as "peptide bond formation". The second phase is the translocation process. It includes binding of EF-G in the GTP form to the pre-translocation ribosome, GTP hydrolysis, translocation of mRNA and tRNAs and dissociation of EF-G in the GDP form. Its end-state is a ribosome with a P-site-bound peptidyl-tRNA. After EF-G dissociation from the ribosome, the A site is empty and ready to accept another ternary complex at the beginning of the next peptide elongation cycle (Fig. 1a) .
To estimate the complete translocation time, s trans , from binding of EF-G·GTP to the pre-translocation ribosome to dissociation of EF-G·GDP from the post-translocation ribosome, we estimated the total time, s tot , to make a peptide bond at a selected codon in an ORF, to translocate the mRNA and to make a second peptide bond at the subsequent codon. We also estimated the time for the first, s p1 , and the second, s p2 , peptide bond formation events and obtained s trans by subtracting the peptide bond formation times from the total time: s trans = s tot − s p1 − s p2 (see Fig. 1a ). To illustrate the principle of such measurements, we used ribosomes programmed with an mRNA template encoding the peptide fMH 6 A 6 LYF (see sequence in Fig. 2c ). To estimate s tot , we rapidly mixed ribosome complexes with fMH 6 A 6 [ 14 C]L-tRNA Leu in the P site, a Tyr codon in the A site and an adjacent, downstream Phe codon (complex A in Fig. 1a) , with a factor mixture (b) 0.5 µM EF-G (a) (c) 10 µM EF-G Fig. 1 . The principle for determination of the translocation time. (a) Schematic representation of two subsequent peptide bond formation steps and the intervening translocation step of which the translocation time (s trans ) was to be determined. s tot , s p1 and s p2 were determined in three parallel reactions, and from these, the translocation time was estimated as s trans = s tot − s p1 − s p2 . In the first reaction, complex A was rapidly mixed in a quench-flow instrument with EF-G and ternary complexes with unlabeled Tyr-tRNA Tyr and [ 3 H]Phe-tRNA Phe . The emergence of complex D was followed and gave the total time (s tot ) for formation of the first peptide bond, translocation and formation of the second peptide bond. In a second reaction, complex A was mixed with EF-G and ternary complexes with Fig. 1a ) and translocated into the P site (complex C in Fig. 1a) . Then, fMH 6 Fig. 1a) . The time-dependent formation of complex D is shown in Fig. 1b Fig. 1b (green trace) . All His-tagged peptides (fMH 6 A 6 LYF) were purified by nickel-affinity chromatography and their 14 C and 3 H contents quantified by scintillation counting. To minimize the effect of varying peptide recovery, we normalized the 3 H contents to the 14 C-Leu content of the samples. This internal standard procedure contributed greatly to the precision of the translocation time estimates, assessed as previously described (Materials and Methods and Johansson et al. [29] ). The precision of the time estimates was further increased by joint fitting of the experimentally measured conversion of complex A via complex B and complex C to complex D to a kinetic model with three irreversible steps with the average times s p1 , s p2 and s trans . Figure 1b illustrates a translocation experiment at low (0.5 μM) EF-G concentration and with each ternary complex at 1.5 μM. The translocation time, s trans , was 124 ± 8 ms and the two peptide bond formation times, s p1 and s p2 , were 32 ± 2 ms and 25 ±1 ms, respectively. Nucleotide and peptide sequences of the long and the short ORF template (the SD sequence is underlined). The site at which the translocation rate was determined is indicated for both templates.
was 51 ±8 ms and the two peptide bond formation times, s p1 and s p2 , were 31 ± 4 ms and 24 ± 3 ms, respectively. The method described here can be applied to translocation time measurements in all types of ORFs encoding a His-tag upstream of the translocation step of study, but His-tag-lacking small peptides must be purified by other means, for example, by HPLC techniques with online radiometry, as described in the next section.
Translocation rate variation with free EF-G concentration
Here, we used the same experimental strategy and ORF as in the previous section to study the effect of EF-G concentration in a range of 0.25-10 μM on the translocation time, s trans , in standard polymix buffer [30] . The emergence of ribosomal complex D, by formation of fMH 6 Fig. 2a . The variation of the translocation rate, k trans, defined as the inverse of the translocation time, 1/s trans , with the EF-G concentration is shown in Fig. 2b (blue squares and fitted Michaelis-Menten curve). The curve fitting estimated k cat and K M for translocation as 22 ± 3 s − 1 and 1.3 ±0.3 μM, respectively. These "long distance to AUG" experiments monitoring a translocation event 15 codons downstream from the initiation codon were complemented by "short distance to AUG" experiments under similar conditions. In the latter, translocation of the second (UAC, Tyr) and third (UUC, Phe) codons of the ORF from the P to the E and from the A to the P site, respectively, was monitored (Fig. 2c) . Here, the A-complex solution (Fig. 1a In cell-free protein synthesis systems, the free magnesium ion (Mg 2+ ) concentration has a large impact on the accuracy of codon reading by tRNAs [18, 30] and on the rate of mRNA movement in EF-G-driven translocation [20] . Here, we report on how the time of the full elongation cycle and its translocation part responded to varying free Mg 2+ concentration in an interval of 1-6 mM at high (10 μM) and low (0.5 μM) concentration of EF-G. The experiments were mainly performed as described above (Fig. 1a) with a starting complex, A, containing fMH 6 
Leu in the P site and a Tyr codon in the A site. At elevated Mg 2+ concentration, it was not possible to form pre-elongated complexes in situ, presumably due to significant read-through of the aminoacyl-tRNA starved site. Complex A was therefore first formed in standard polymix buffer [30] , where the read-through by missense errors was negligible. The standard buffer contained 5 mM total Mg 2+ concentration that, together with the Mg 2+ -chelating compounds ATP (1 mM), GTP (1 mM) and phosphoenol pyruvate (10 mM), resulted in approximately 1.3 mM free Mg 2+ [18] . Complex A was purified by centrifugation through a sucrose cushion and used in ribosome mixtures, in which the Mg 2+ concentration was increased by addition of extra Mg(OAc) 2 or decreased by addition of the chelating compound CTP (mM).
The elongation cycle rate decreased greatly as the free Mg 2+ concentration increased from 1 to 6 mM due to a small decrease in the peptide bond formation rate and a large decrease in the translocation rate. The translocation rate at the different Mg 2+ concentrations at high and low EF-G concentration is shown in Fig. 3 . At near-saturating EF-G concentration (10 μM), the translocation rate decreased monotonically about 30-fold from its highest value of 32 s −1 at 1 mM to its lowest value of 1.2 s −1 at a concentration of 6 mM free Mg 2 + . At low EF-G concentration (0.5 μM), the translocation rate first increased slightly from 8 to 12 s −1 as the Mg 2+ concentration increased from 1 to 1.3 mM. Upon further increase of the Mg 2+ concentration, the translocation rate decreased monotonically toward its smallest value of 1.2 s −1 , equal to the corresponding translocation rate at high EF-G concentration. This suggests that increasing Mg 2+ concentration greatly decreased the maximal rate (k cat value) of translocation and significantly decreased the concentration of EF-G at which the translocation rate was equal to half its maximal rate, that is, the K m value.
Is translocation slowed down by SD-like sequences in ORFs?
It was suggested from ribosomal profiling experiments with deep sequencing that the overall peptide elongation rate varied greatly with the free energy of interaction between SD-like sequences in ORFs of translated mRNAs and the anti-SD sequence of 16S rRNA [26] . To test if such interactions affect the rate of translocation at a site deep into an ORF, we designed three mRNA templates encoding the very same peptide with an N-terminal His-tag and a translocation site of study with a UAC (Tyr) codon and a UUC (Phe) codon at positions 15 and 16, respectively. In each ORF, codons 8-13 encoded the peptide sequence TTTEVTK, for which all codons were identical in all templates, except for codon 11 encoding Glu and codon 12 encoding Val. These two codons, situated in the SD-like sequence of the ORF, encoded Glu and Val as (GAG, GUU), (GAA, GUG) or (GAA, GUU) with SD-anti-SD interaction free energies estimated as − 6.6, − 2.3 or − 0.4 kcal/mol (Fig. 4a) . Using the method outlined above (Fig. 1a) , the rate of translocation at high EF-G concentration (10 μM) was estimated for each of these three mRNA templates.
The starting complex, A in Fig. 1a , was a pre-elongated ribosome with the peptidyl-tRNA fMH 6 T 3 EVT[
14 C]K-tRNA Lys in the P site, where the 14 C-labeled lysine served as the internal standard. The quench-flow-synthesized peptides containing the subsequently encoded Tyr and Phe were isolated by nickel-affinity chromatography and the incorporation of radiolabeled amino acids was quantified by scintillation counting. Time curves for separate formation of the first (orange trace) and the second (green trace) peptide bond and for the overall reaction including the first peptide bond formation, the translocation and the second peptide bond formation (blue trace) in the case of weak anti-SD-SD interaction ( Fig. 4a ; GAA and GUU in positions 11 and 12, respectively) are shown in Fig. 1b . The translocation rates for the three templates were indistinguishable and estimated as about 35 s − 1 , and the peptide bond formation rates for the different templates were also uniform.
Discussion
Translocation has in the past mainly been studied with short mRNA templates at translocation sites close to the initiation site. However, translocation of initiator fMet-tRNA fMet has been found to be slower than translocation of some elongator tRNAs [31, 32] . To remove this possible artifact of experimental design, we developed a biochemical assay system to enable monitoring of the average time for the total cycle of mRNA and tRNA translocation on the bacterial ribosome at any position in any type of ORF (Fig. 1) . Alternative methods to measure the translocation rate include fluorescence labeling of mRNA [11] , fluorescence labeling of tRNA [13] , fluorescence labeling of ribosomal subunits [12] and probing of the post-translocation complex with puromycin [33, 34] . As demonstrated, for example, by Holtkamp et al. [28] , Cunha et al. [33] and Savelsbergh et al. [35] , these approaches estimate but fractions of the total translocation time and the mechanistic interpretation of the results is sometimes difficult. fluorophores but they unexpectedly estimated one very short time (30 ms) and one remarkably long time (167 ms) instead of monitoring the same time for mRNA movement. Here, our novel assay system was used to estimate the total translocation time from EF-G association to the pre-translocation ribosome to EF-G dissociation from the post-translocation ribosome in strategically chosen contexts of biological relevance. Not surprisingly, we found translocation to be significantly slower when a two-codon translocation site was at positions 2 and 3 than at positions 15 and 16 in an ORF (Fig. 2) .
The minimal translocation time at near-saturating EF-G concentration (≈ 1/k cat ) for a translocation site, 15 codons downstream of the initiation codon (AUG), displayed great variation with the concentration of free Mg 2+ ions in our polymix buffer system. At a physiologically relevant concentration of free Mg 2+ (see also below) [36] , the translocation rate at 10 μM EF-G was approximately 30 s − 1 and decreased sharply with increasing Mg 2+ concentration to about 1 s −1 at 6 mM free Mg 2+ (Fig. 3) . The translocation rate at a 20-fold lower EF-G concentration (0.5 μM) increased slightly from about 7 to 10 s − 1 with the initial increase of Mg 2+ concentration and then dropped to a rate of about 1 s − 1 , identical with that at 10 μM EF-G, as the Mg 2+ concentration increased further to 6 mM. This means that the translocation rate at 10 μM EF-G was near maximal at all Mg 2+ concentrations used here and, furthermore, that the K m value for EF-G interaction with the pre-translocation ribosome decreased from about 1.9 μM at 1 mM Mg 2+ to a value smaller than 0.5 μM at 6 mM Mg 2+ . The simplest way to account for these data is that the K m decrease with increasing Mg 2+ concentration was due to a large decrease of the maximal translocation rate, k cat , at an unaltered k cat /K M , for example by an unchanged rate constant, k a , for EF-G association to the pre-translocation ribosome and a dissociation rate constant from the initial complex between EF-G and the ribosome, k d , always much smaller than the forward rate constant, k f , from this complex: In this scenario, EF-G binding to the pre-translocation ribosome led to completed translocation with a probability close to one at all Mg 2+ concentrations. The constant k a value was about 20 μM − 1 s − 1 , an estimate about 10-fold smaller than earlier bulk estimates [37] and about 10-fold larger than earlier single-molecule estimates [14] .
What, then, could have caused the reduction in k cat by increasing Mg 2+ concentration as observed in the present work (Fig. 4) ? It was pointed out by Gao et al. [38] that the tip of domain IV of EF-G, loop I, may be in contact with both the A -site codon and the peptidyl-tRNA already in the pre-translocation ribosome. This contact may, furthermore, remain intact during translocation of the A -site codon and the peptidyl-tRNA into the P site. Therefore, an early event in translocation is likely to be the displacement by loop I of the "monitoring bases" G530, A1492 and A1493 that line the minor groove of the codonanticodon helix during decoding [39] . This would neatly explain why small inhibitors of protein synthesis that stabilize the minor groove interactions of the "monitoring bases" greatly reduce the rate of translocation [40] . We have previously observed strong Mg 2+ concentration dependence of the accuracy of codon reading [18] , suggesting that the evolutionary stability of genetic code translation requires a much smaller concentration of free Mg 2+ than normally used in biochemical assay systems. It was recently proposed [41] with support from structural [42] and kinetics [43, 44] data that also Mg 2+ ions stabilize the minor groove interactions of the monitoring bases. This attractive proposition would offer a unified explanation for the errorinducing effects of antibiotics and Mg 2+ ions and for their inhibitory action on translocation as seen here and earlier [20] . In line with this, we suggest that the strong, Mg 2+ concentration-dependent inhibition of translocation shown in Fig. 3 was due to increasing stabilization of the monitoring bases in the minor groove of the codon-anticodon helix by increasing occupation of strategic sites for Mg 2+ binding [42] .
Together, these findings suggest that both high accuracy of codon recognition by tRNAs and rapid peptide elongation in the context of the polymix buffer system [30, 45] required a much lower Mg 2+ concentration than normally used in past and present biochemical assays. This makes the relevance of previous in vitro data problematic and in vivo modeling of protein synthesis based on such data difficult. The present study shows, however, that this lack of in vivo compatibility is not an intrinsic property of in vitro systems but can easily be removed by properly tuned reaction conditions and factor concentrations.
From recent ribosomal profiling experiments on E. coli cells by Li et al. [26] , it was suggested that the local peptide elongation rate does not vary with the concentrations of tRNA isoacceptors but only with the strength of interaction between SD-like sequences in ORFs and the anti-SD sequence of the 16S rRNA in the 30S subunit of the translating ribosome. The lack of positive correlation between tRNA isoacceptor concentration and peptide elongation rate [26] has remarkable implications. According to the law of mass action, the rate of association of a particular tRNA isoacceptor to ribosomes programmed with its cognate codons is proportional to the concentration of its corresponding ternary complex with EF-Tu and GTP [21] . Given this fact, the profiling result suggests that the times of association of tRNA isoacceptors in ternary complex are negligible compared to the times to complete the other parts of the elongation cycle, including peptidyl transfer and translocation. Alternatively, differences in ternary complex binding time are neutralized by other factors that affect the tRNA association times [21] . One obvious possibility is that internal SD sequences slow down the speed of translocation of mRNA. In the present work, we aimed at a direct test under in vivo-like conditions of the hypothesis that internal SD-like sequences of varying free energy of interaction with the anti-SD sequence of 16S rRNA will reduce the speed of translocation. We found no difference in the rate of translocation among three SD-like sequences of different strengths separated from the translocation site by two codons (6 nt) (Fig. 4c) . In this case, there was virtually no inhibition of the translocation rate by the varying SD-anti-SD interaction strength. Interestingly, recently obtained single-molecule data [27] suggest a 2-fold increase in the lifetime (from 5 to 12 s) of the ratcheted ribosomal state by the presence of an internal SD sequence (− 6.1 kcal/mol) separated from the translocation site by 7 nt, similar to the 6-nt separation of the present work (Fig. 4a) . We note that the time scale in the single-molecule experiments (≈ 5 s) is 2 orders of magnitude longer than the time scale in the present work (≈30 ms) and the time scale of elongation in vivo [5] .
An extended testing of the hypothesis that internal SD sequences slow down the peptide elongation cycle [26] and the corollary that such a slowing down is due to inhibition of translocation remains to be performed. It will require experiments in which the distance between the translocation site and the SD-like sequence is systematically varied in different mRNA sequence contexts. For this, the in vivo-like properties of the assay system developed here will be essential.
Regarding systems biology modeling of growing bacteria with implications for optimal physiology of growth [46, 47] , growth inhibition by antibiotics [48] , fitness loss by drug resistance mutations and improved fitness by compensatory mutations [49] , quantitative assessment of the kinetic properties of the protein synthesis machinery is essential. One reason is that ribosomes and their factor proteins occupy a significant fraction of the bacterial proteome [46, 47] , making cell growth and fitness hypersensitive to ribosome performance so that calibration of the biochemistry of protein synthesis to ribosome performance in vivo is a prerequisite for realistic systems biology modeling of bacterial cell growth. Such a calibration is a multiple parameter problem, but the present and earlier [18, 29, 50] work suggest that the concentration of free Mg 2+ ions plays such an important role that adjustment of this parameter is the natural starting point for such a calibration. As indicated above, high Mg 2+ concentration favors the interactions of the monitoring bases [41] with the minor grove of the codon-anticodon helix [39, 51] , thereby facilitating ternary complex binding to the ribosome and subsequent GTP hydrolysis for cognate and non-cognate ternary complex alike [18, 43, 52] . This accounts for the increase in amino acid substitution error [18] and the enhanced inhibition of protein synthesis by non-cognate ternary complex [29, 43, 50, 52] in response to increased Mg 2+ concentration. By the same mechanism, low Mg 2+ concentration leads to low frequency of amino acid substitution errors in conjunction with inefficient binding to the ribosome and slow GTP hydrolysis for cognate and non-cognate ternary complex. This accounts for the efficiency-accuracy trade-off for genetic code translation [18, 46, 50] . In conclusion, a free Mg 2+ concentration of about 1 mM in our polymix buffer system makes our biochemistry near in vivo compatible with respect to ribosome speed (Fig. 3) and accuracy [18] of genetic code translation. We are therefore optimistic that protein synthesis carried out in cell-free systems under optimal conditions may serve as a suitable basis for systems biology modeling of bacterial physiology with implications for bacterial physiology, antibiotic resistance development and molecular evolution.
Materials and Methods
Reagents and reaction conditions
Ribosomes (E. coli MRE600) were prepared according to Johansson et al. [29] . fMet-tRNA fMet was prepared as described by Antoun et al. [53] , with minor modifications. Initiation factors (IF) and elongation factors were overexpressed His-tagged and purified by nickel-affinity chromatography on a 5-ml HiTrap column from GE Healthcare. tRNA Tyr and tRNA Phe were from Chemical Block (Russia). Bulk tRNA was prepared according to the principle of Kelmers et al. [54] . Radiolabeled amino acids were from Biotrend (Germany). Nickel-NTA agarose was from Qiagen. GTP, CTP and ATP were from Amersham Biosciences. All other chemicals were from Merck or Sigma Aldrich. mRNA templates were prepared by transcription from double-stranded DNA synthesized by extension of singlestranded DNA primers with overlapping sequences by PCR essentially as described by Antoun et al. [53] . Preparation of the transcription reaction mixture and purification of the mRNA on poly-dT column was performed as described by Pavlov et al. [55] with minor modifications. The same forward primer was used to prepare all mRNAs and had the sequence (from 5′ to 3′) GGTACCGAAATTAATACGACT CACTATAGGGAATTCGGGCCCTTGTTAACAATTAAG GAGG. It was annealed to either of the reverse primers, firstly for making fMYF mRNA (short ORF) TTTTTTTTTTTTTTTT TTTTTCTGCAATTAATGATGATGATGATGGTGTGCTGC TGCTGCTGCTGCTTTGAAGTACATTTAATACCTCCT TAATTGTTAACAAGGGCCCG or secondly for making fMH 6 A 6 LYF mRNA (long ORF) TTTTTTTTTTTTTTTT TTTTTCTGCAATTAGAAGTACAGTGCTGCTGCTGCTG CTGCATGATGATGATGATGGTGCATTTAATACCTCCT TAATTGTTAACAAGGGCCCG (overlaps are underlined), and for the SD6.6 mRNA: TTTTTTTTTTTTTTTTT TTTTCTGCAATTAGAAGTATTTAGTAACCTCAGTAG TAGTGTGGTGATGGTGGTGGTGCATTTAATACCTCCT TAATTGTTAACAAGGGCCCG (residues marked in bold are varied for the other mRNAs of the SD series according to the following: SD2.3: CACTTC and SD0.4: AACTTC). The interaction free energies between the SD-like sequence and the anti-SD sequence were calculated using the Vienna RNA software † . All experiments were performed in polymix buffer [95 mM KCl, 5 mM NH 4 Cl, 0.5 mM CaCl 2 , 8 mM putrescine, 1 mM spermidine, 5 mM potassium phosphate, 1 mM dithioerythritol and 5 mM Mg(OAc) 2 ] at 37°C. Extra Mg(OAc) 2 or CTP was added to adjust the free magnesium concentration of the buffer where indicated. An energy regeneration system consisting of 1 mM ATP, 1 mM GTP, 10 mM phosphoenol pyruvate, 50 μg/ml pyruvate kinase and 2 μg/ml myokinase was present in all reaction mixtures. All concentrations given for translation factors in the reaction mixtures were determined by the Bradford assay.
Translocation assay for the long ORF template
To measure the rate of a translocation step inside a long ORF, we needed three parallel quench-flow reactions: one where the total time of the first peptide bond formation, the translocation and the second peptide bond formation was measured (TOT); one for the first peptide bond formation (P1); and one for the second peptide bond formation (P2). For each reaction, an initiation mixture, a pre-elongation mixture and a translation factor mixture were needed. The initiation mixture was common to all three reactions and contained ribosomes (1 μM, whereof 70% were active in dipeptide formation), fMH 6 A 6 LYF mRNA (8 μM), unlabeled initiator fMet-tRNA fMet (1.5 μM), IF1 (2 μM), IF2 (1 μM) and IF3 (2 μM). Three pre-elongation mixtures (P1, TOT and P2) were prepared, all containing EF-Tu (8 μM), EF-Ts (0.8 μM), EF-G (0.2 μM), tBulk (260 μM total tRNA, whereof tRNA His constituted 1.8 μM), 14 C leucine (20 μM), alanine (400 μM), histidine (400 μM), LeuRS (0.2 μM), AlaRS (1 μM) and HisRS (2.5 μM). In addition, the P2 pre-elongation mixture contained TyrRS (1.5 μM) and tyrosine (20 μM) . Three translocation mixtures were also prepared containing tRNA Tyr (3 μM), tRNA Phe (3 μM), EF-Tu (22 μM), EF-Ts (2 μM), EF-G (0.5-20 μM as indicated) and PheRS (1.2 μM). In addition to this, the P1 translation factor mixture contained 3 H-tyrosine (20 μM), unlabeled phenyl alanine (20 μM) and TyrRS (1.5 μM); the TOT translation factor mixture contained unlabeled tyrosine (20 μM), 3 H-phenyl alanine (20 μM) and TyrRS (1.5 μM); and the P2 translation factor mixture contained unlabeled tyrosine (20 μM), 3 H-phenyl alanine (20 μM) and TyrRS (0.75 μM). All reaction mixtures were incubated for 15 min at 37°C. Each pre-elongation mixture was then mixed with an equal volume of initiation mixture and the resulting ribosome complex mixtures were incubated for another 2 min to allow for the formation of the fMH 6 A 6 [ 14 C]L peptide (P1 and TOT) or the fMH 6 A 6 [ 14 C]LY peptide (P2). All mixtures were kept on ice until loaded into the quench-flow instrument. Equal volumes of each ribosome complex mixture (P1, TOT and P2) were rapidly mixed with equal volumes of the corresponding translation factor mixture in a quench-flow instrument (RQF-3; KinTek, Corp.) at 37°C and quenched with 50% formic acid after different times of incubation. Precipitates formed upon quenching were collected by centrifugation at 20,800g for 15 min. The peptides were isolated by nickel-affinity chromatography as described below.
Isolation of peptides by nickel-affinity chromatography
The precipitate from each quench-flow sample was resuspended in 100 μl of 0.5 M KOH by vortexing and incubation at room temperature for 10 min. We added 500 μl NPI0 buffer (50 mM NaH 2 PO 4 and 300 mM NaCl) to each sample. We then loaded 580 μl from each sample onto 100 μl nickel-NTA agarose pre-equilibrated with NPI0 buffer in columns in a VacMaster device (IST). Binding was allowed for 2 min before the liquid was removed by application of vacuum. The resin was washed five to seven times by application of 1 ml NPI20 buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 20 mM imidazol) to each column. The peptides were eluted by application of 600 μl NPI500 buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 500 mM imidazol). From the eluate fractions, 550 μl was transferred to scintillation vials and 5 ml of scintillation cocktail was applied (Quicksafe flow 2; Zinsser Analytic). The amount of incorporated 3 H-labeled amino acids and the amount of the 14 C-labeled internal standard in each eluate fraction were determined by scintillation counting (LS6500; Beckman Coulter) in two different energy windows (0-200 and 400-700 keV).
Translocation assay for the short ORF template
To measure the rate of the translocation step between the second and the third codon, we needed two reactions, one where the formation of dipeptide and tripeptide (f 3 H]fMY dipeptidyl-tRNA in the P site was followed (P2). The initiation mixture was common to the two reactions and identical with the case of translocation in a long ORF described above except for the use of fMYF mRNA (8 μM) and labeled 3 H-fMet-tRNA fMet (1.2 μM). Two preelongation mixtures were prepared without (P1/TOT) and with tyrosyl-tRNA synthetase (TyrRS) (1.5 μM) and tyrosine (20 μM) (P2). Apart from this, they were identical with the pre-elongation mixtures in the long ORF case except that 14 C-labeled leucine was replaced by unlabeled leucine. Two translation factor mixtures were prepared containing TyrRS (1.5 μM) and unlabeled tyrosine (20 μM) (P1/TOT) and TyrRS (0.75 μM) and tyrosine (10 μM) (P2). Apart from this, both of them contained unlabeled Phe (20 μM) and tRNAs, elongation factors and PheRS at the same concentrations as for the long ORF case. All reaction mixtures were incubated for 15 min at 37°C. Each pre-elongation mixture was then mixed with an equal volume of initiation mixture and the resulting ribosome complex mixtures were incubated for another 2 min. All reaction mixtures were then kept on ice. Equal volumes of the each ribosome complex mixture and the corresponding translocation mixture were rapidly mixed in a quench-flow instrument at 37°C and quenched with 50% formic acid after different incubation times. The precipitates were collected by centrifugation at 20,800g for 15 min. The supernatants were removed and each pellet was resuspended in 165 μl of 0.5 M KOH by vortexing and incubation at room temperature for 10 min to ensure hydrolysis of the bond between the peptide and the tRNA. We added 13 μl of 100% formic acid and centrifugated the samples two times at 20 titration experiments, we prepared an initiation mixture containing ribosomes (5 μM), YF1516 mRNA (50 μM), initiator 3 H-fMet-tRNA fMet (8.3 μM), IF1 (5 μM), IF2 (3.3 μM) and IF3 (5 μM). Two pre-elongation mixtures were prepared without and with tyrosyl-tRNA synthetase (TyrRS) (1.1 μM) and tyrosine (29 μM) (700 μl and 350 μl, respectively). Both mixtures contained EF-Tu (21 μM), EF-Ts (2.9 μM), EF-G (1.4 μM), tBulk (630 μM total tRNA from OD 260 measurement), 14 C-labeled leucine (14 μM), alanine (290 μM), histidine (290 μM), LeuRS (0.13 μM), AlaRS (0.7 μM) and HisRS (1.8 μM). All mixtures were incubated at 37°C for 15 min. Initiation mixture (300 μl and 150 μl, respectively) was added to the pre-elongation mixtures and the reaction mixtures were incubated for another 2 min to let the peptides form. The reaction mixtures (500 μl) were loaded onto sucrose cushion (1.1 M sucrose in polymix buffer, 400 μl) and ultra-centrifugated (Sorvall, RC M150 GX) in an S55S swing-out rotor at 259,000g at 4°C for 2 h. The resulting pellets containing the pre-elongated ribosome complexes were washed with 200 μl of polymix and resolved in 50 μl polymix each. The pre-elongated complexes were shock frozen in liquid nitrogen and stored at − 80°C.
Effect of Mg
2+ concentration on the translocation rate For Mg 2+ titration experiments, the initiation and pre-elongation mixtures were replaced by a ribosome complex mixture containing the pre-elongated complexes at 0.5 μM concentration. The factor concentrations in the elongation mixtures were identical with those described above for translocation rate determination in the long ORF. To all ribosome complex mixtures and elongation mixtures, we added Mg(OAc) 2 (up to 8 mM extra) or CTP (0.5 mM) to adjust the free Mg 2+ ion concentration resulting in a free magnesium concentration of 1-6 mM. Only the elongation mixtures (not the ribosome complex mixture) were incubated 15 min at 37°C. Reactions were carried out in a quench-flow instrument and the samples were treated as described above for translocation experiments in a long ORF.
Effect of SD-like sequences on the translocation rate
The translocation rates on the SD templates were determined using the general method for determining the translocation rate in a long ORF described above, with modifications of the composition of the pre-elongation mixture due to the different sequence of the encoded peptide. The initiation mixture was identical with what was described above, except that the mRNA was replaced by either of the SD mRNAs. The three pre-elongation mixtures (P1, TOT and P2) all contained EF-Tu (10 μM), EF-Ts (1 μM), EF-G (0.2 μM), tBulk (260 μM), 14 C-lysine (20 μM), threonine (400 μM), histidine (400 μM), glutamic acid (400 μM), valine (400 μM), LysRS (1.8 μM), ThrRS (2 μM), HisRS (2.5 μM), GluRS (2.6 μM) and ValRS (1 μM). In addition, the P2 pre-elongation mixture contained TyrRS (1.5 μM) and tyrosine (20 μM). The elongation mixtures were identical with the long ORF case mentioned above. All incubation steps and the peptide isolation and so on were performed as described previously.
Data analysis
For each translocation experiment, three time courses were obtained. For each time point, the 14 C and 3 H emission was determined by scintillation counting in two energy windows. The 400-700 keV window contained only the 14 C signal and the 0-200 keV window contained mainly the 3 H signal. However, due to overlap of the 3 H and 14 C signals, 10% of the 14 C signal in the 400-700 window had to be subtracted as background from the 0-200 window. The 3 H signal of each sample was then weighted by the 14 C signal to compensate for any variation in peptide recovery during sample treatment, according to the following: 
The data were fitted to a model where ribosome complex A was converted by three irreversible steps, corresponding to two peptide bond formation steps and translocation separated by a translocation step, into ribosomal complex D:
Here, each rate constant (k) is the inverse of the average time to perform that step, according to:
The peptide bond formation reactions displayed single exponential behavior with an initial delay equal to t delay . They were fitted to the following equation [given for the A-to-B conversion (s p1 ), but the same type of expression is valid for the C-to-D conversion (s p2 )]:
For the delay region, the function was equal to the background level [bg 1 
Here, the length of delay time was fitted as the sum of the delays of the two peptide formation reactions and set equal to the background [bg 2 in Eq. (4)]. The three time courses from one translocation experiment were fitted jointly sharing the time constants (s p1, s trans and s p2 ). The curve fit errors were obtained as sigma values for each of the parameters. All translocation experiments were repeated twice or more and the parameter estimates were averaged by weighting each value by its corresponding variance according to: 
